Pressure dependence of exaggerated natriuresis in two-kidney, one clip Goldblatt hypertensive rats  by Mackenzie, H.S. et al.
Kidney International, Vol. 27 (1985), pp. 731—738
Pressure dependence of exaggerated natriuresis in two-kidney,
one clip Goldblatt hypertensive rats
H.S. MACKENZIE, A.L. MORRILL, and DAVID W. PLOTH
Birmingham Veterans Administration Medical Center, and Nephrology Research and Training Center, Department of Medicine, University of
Alabama in Birmingham Medical Center, University Station, Birmingham, Alabama, USA
Pressure dependence of exaggerated natriuresis in two-kidney, one clip
Goldblatt hypertensive rats. This study evaluated the responses of each
kidney of two-kidney, one clip Goldblatt hypertensive rats to acute
volume loading to delineate the contribution of elevated perfusion
pressure to the mechanisms of the exaggerated natriuresis in this model
of hypertension. Eleven Goldblatt animals (0.2 mm clip 3 weeks prior to
study) were studied at spontaneous blood pressure for each kidney's
response to volume loading. In 11 other Goldblatt animals an aortic
clamp between the renal arteries allowed reduction of perfusion pres-
sure for the left, nonclipped kidney to normal levels. Ten normal rats
served as controls. Renal function was examined during control periods
and following the infusion of 3.5% body wt of 154mM liter' NaCl at
22.5 ml hr. An exaggerated natriuresis was observed for the left,
nonclipped kidney of the hypertensive Goldblatt rats, while the clipped
kidney exhibited an attenuated natriuresis compared to either kidney of
normal control rats. Reduction of perfusion pressure to the nonclipped
kidney of Goldblatt animals to normal levels resulted in reduced
clearance and excretory function before volume loading and attenuated
its natriuretic response to levels less than those for the Goldblatt group
at spontaneous, hypertensive blood pressure. The exaggerated natri-
uresis observed at hypertensive blood pressure was attributable to
increases of filtered load of Na and reduced fractional absorption.
These observations indicate that an exaggerated natriuresis occurs in
the two-kidney, one clip Goldblatt hypertensive rat and that this
phenomenon depends on the elevated renal perfusion pressure to the
nonclipped kidney.
Natriurèse exagérée, dépendant de Ia pression, chez des rats Goldblatt
hypertendus deux reins, un clip. Cette étude a évalué les réponses de
chaque rein de rats Goldblatt hypertendus a deux reins, un clip, a une
surcharge volémique aiguë pour préciser la contribution de l'élévation
de pression de perfusion aux mécanismes de la natriurése exagdrée dans
ce modéle d'hypertension. Onze animaux Goldblatt (clip de 0,2 mm 3
semaines avant l'étude) ont dté étudies a leur pression sanguine
spontanée pour chaque réponse rénale a une expansion volémique.
Chez 11 autres animaux Goldblatt un clamp aortique entre les artères
rénales permettait une reduction de la pression de perfusion du rein
gauche, non clippe a des valeurs normales. Dix rats normaux servaient
de contrôles. La fonction rdnale a été étudiée pendant des périodes
contrôles et après perfusion de 3,5% du poids corporel de 154 mM
litre NaCl a 22,5 ml hr* Une natriurése exageree a été observée
pour le rein gauche, non-clippé des Goldblatt hypertendus, alors que le
rein clippé présentait une natriurése atténuée par rapport a chacun des
reins des rats contrôles normaux. Une reduction de Ia pression de
perfusion dans le rein non clippe des animaux Goldblatt a des valeurs
normales entrainait une reduction de clearance et de fonction excrétrice
avant l'expansion volemique, et atténuait sa réponse natriuretique a des
niveaux moindres que ceux du groupe Goldblatt h une pression san-
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guine spontande, hypertendue. La natriurèse exageree observée pour
des pressions sanguines hypertendues était attribuable a des élévations
de Ia charge filtrée de Na et a une reabsorption fractionnelle réduite.
Ces observations indiquent qu'une natnurése exageree se produit chez
le rat hypertendu Goldblatt a deux reins, un clip, et que ce phenomène
depend d'une pression de perfusion rénale élevée dans le rein non
clippé.
Administration of an acute Na load results in an immediate
increase in urinary sodium excretion rate (UNaV) which reaches
higher levels of UNaY in a variety of models of hypertension
compared to normotensive controls. This phenomenon, called
the exaggerated natriuresis of hypertension, has been reported
to occur in humans with essential hypertension [1—9], the
Okamoto-Aoki strain of spontaneously hypertensive rat (SHR)
[10—17], hypertension resulting from bilateral carotid occlusion
in the rabbit [181, the Dahl salt-sensitive strain of hypertensive
rat [19], and in models of renal vascular [20, 21] and salt loading
hypertension in the rat [21]. While most of the studies examin-
ing exaggerated natriuresis have reported a similar pattern of
natriuretic response, no clear understanding of the mechanism
of exaggerated natriuresis has emerged. Undoubtedly one con-
founding feature of these many studies is the variety of experi-
mental approaches used in several different models of hyper-
tension. Because an exaggerated natriuresis is evident in sev-
eral models of hypertension, the elevated renal perfusion pres-
sure, which is the obvious common factor of increased blood
pressure, may be central to its mechanism. The absence of an
exaggerated natriuretic response in some strains of the SHR
[22—24], however, and observations that an exaggerated natri-
uresis is still evident during conditions of decreased renal
perfusion pressure in other models [15] or that the phenomenon
can be demonstrated in Dahi(s) rats in the absence of overt
hypertension [19] are against this theory.
Some investigators have postulated that a defect in tubular
reabsorption in hypertension is a mechanism to explain the
exaggerated natriuresis [2, 5, 6, 9, 25]. This hypothesis has
often considered that the differences in perfusion pressure
between hypertensive and normotensive subjects could account
for differing influences on tubular transport either directly or
indirectly as a result of altered intrarenal hemodynamic factors.
However, in studies where perfusion pressure was controlled to
normotensive levels, conclusions regarding the pressure depen-
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dence of the natriuresis as a result of decreased net tubular
absorption are also conflicting [12—141.
The purpose of this study was to explore the hypothesis that
reduction of perfusion pressure to the nonclipped kidney of
two-kidney, one clip (2-K,lC) Goldblatt hypertensive rats to
levels comparable to those observed for normotensive controls
would attenuate the exaggerated natriuretic response. The
2-K, 1C Goldblatt hypertensive rat (GHR) provides a model of
hypertension where the nonclipped kidney is exposed to el-
evated arterial pressure while its clipped counterpart is
perfused at normal pressure distal to the renal artery stenosis
[26, 271. Further, mechanical aortic constriction may be utilized
to examine the effects of acute reduction in perfusion pressure
to the nonstenotic kidney on its ability to excrete a volume load.
Since we had observed previously that the nonclipped kidney in
this model autoregulates renal hemodynamic and filtration
function inefficiently during conditions of acutely reduced renal
perfusion pressure [27, 281, our goal was to explore the pos-
sibility that the exaggerated natriuresis would be attenuated
during reduced perfusion pressure to the nonclipped kidney. An
additional goal was our desire to assess the extent to which
alterations of filtered load during conditions of reduced blood
pressure to the nonclipped kidney contribute to the attenuated
natriuretic responses we expected to observe.
Methods
Three groups of male Sprague-Dawley rats weighing from 170
to 330 g at the time of the experiments were used for these
studies. Two groups of animals (N = 11 and N = 11) had 0.2
mm silver clips placed around the right renal artery 18 to 25
days prior to acute study to produce 2-K, lC Goldblatt hyper-
tension. The third group (N = 10) consisted of normal control
rats. All rats had free access to water and a standard rodent diet
(Wayne Lab Blox, Na = 0.15 mEq . gfl
Clearance study. Rats anesthetized with pentobarbital (50 mg
kg') were placed on a thermostatically controlled heating
table and a tracheostomy was performed. Catheters were
inserted into the right jugular vein for administration of 0.9%
NaC1 at 1.2 ml hr1 and further doses of pentobarbital as
required to maintain anesthesia. A catheter in the left femoral
artery connected to a Statham pressure transducer allowed
measurement of arterial blood pressure which was recorded on
a polygraph throughout the experiment. The bladder was cath-
eterized through a small midline incision which allowed collec-
tion of urine from the right kidney. The rats were then placed on
their side and the left kidney was exposed through a flank
incision. The kidney was stabilized in a kidney cup (Lucite®), as
for micropuncture studies, and the left ureter was catheterized.
An adjustable aortic clamp was positioned between the origins
of the renal arteries. Finely threaded screw control of the
plunger of this clamp allowed precise control of the perfusion
pressure of the left kidney while the perfusion pressure of the
right kidney remained at systemic blood pressure for the second
Goldblatt hypertensive group [281. Seven rats in this group had
a second finely pulled catheter (O.D., approximately 0.4 mm)
inserted into the femoral artery so that its tip was positioned in
the thoracic aorta above the aortic clamp. A second transducer
allowed arterial pressure proximal to the aortic clamp to be
measured directly. A priming dose of 1 ml polyfructosan (15 g
dl'; mutest, Laevosan-Gesellschaft) was then injected via
the jugular catheter and an infusion of polyfructosan in sodium
chloride was substituted for the sodium chloride solution infu-
sion such that 90 mg hr' of polyfructosan were given in a
volume of 0.6 ml hr' for the duration of the experiment. A
second infusion of 154 mrs'i liter NaCI through an additional
jugular catheter was maintained at 0.6 ml hr such that the
total volume infusion was constant at 1.2 ml hr.
Following a 30-mm interval to allow the animal to reach a
steady state, urine for each kidney was collected under oil in
tared containers during six consecutive clearance periods each
of 30 mm duration. Following preparation for study normal rats
having an arterial blood pressure less than 100 mm Hg and
Goldblatt rats having an arterial blood pressure less than 150
mm Hg were not studied further, All animals were examined for
baseline renal function during the initial two clearance periods.
In the second Goldblatt group (Goldblatt clamped group, N =
11), the aortic clamp was adjusted to produce aortic constric-
tion between the first and second clearance periods to reduce
the perfusion pressure of the left kidney to levels comparable to
or slightly greater than the perfusion pressure observed for the
normal group. During the third clearance period of each animal
of all groups, the intravenous infusion rate of sodium chloride
was increased to 22.5 ml . hr1 to deliver 3.5% body weight of
154 m ' 1iter NaC1 over 16 to 30 mm. Following the
administration of the saline load, the maintenance infusion of
154 mi ' liter' NaC1 was resumed at a rate of 0.6 ml hr'.
At the end of the clearance collection periods approximately
400 d of blood were withdrawn into heparinized containers
from the femoral catheter and duplicate samples for mi-
crohematocrit were obtained. The blood samples were centri-
fuged and the plasma was removed. The packed erythrocytes
were resuspended in 0.9% NaCl to a total volume equal to that
of the blood sample and returned to the circulation by slow
injection via a jugular catheter. Colloid osmotic pressure for
plasma samples obtained for clearance periods C1, C3, and C5
was determined from total protein concentration with the
non-linear equation described for the rat by Navar and Navar
[29]. At the end of the urine collection periods, animals were
sacrificed with pentobarbital and the kidneys were removed,
decapsulated, blotted dry, and weighed.
The volume of urine excreted in each timed clearance period
was determined gravimetrically, allowing calculation of urine
flow rate (V). The concentration of Na was determined for
urine and plasma samples by flame photometry (Model 443,
Instrumentation Laboratories, Lexington, Massachusetts,
USA). Concentrations of polyfructosan were determined for all
samples using a microadaption of an anthrone assay [30].
Absolute sodium excretion rates (nEq ' min1) were calculated
from the product of urinary Na concentration [UNJ and urine
flow rate (V), and fractional excretion (FE,%) of sodium from
the ratio of absolute excretion of Na to the filtered load of Na
([UNaI/[PNaI ÷ [U1]/[P1]) 100. GFR was calculated as poly-
fructosan clearance from the standard clearance formula Cp
[Up] 'V/[P]. The cumulative percentage of the excretion of
the administered load of Na was computed as the summed
absolute excretion of Na for the sequential periods C3 through
C6 divided by the load administered times 100.
Data are expressed as overall mean values for each group
1 SEM. Student's t test for paired or unpaired data were used for
statistical analysis [31]. In some cases data were examined with
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Fig. 1. Responses of mean arterial blood pressure (BP) to volume
loading in normal and Goldblatt rats ( SEM). Mean arterial blood
pressure (mm Hg) is shown as a function of the clearance period for
normal (N = 10), hypertensive Goldblatt (N = 11), and aorta-clamped
Goldblatt (N = 11) groups of animals. Aortic constriction between the
renal arteries reduced BP to the nonclipped, left kidney of the Goldblatt
aorta-clamped group while systemic BP remained not different from the
hypertensive Goldblatt group studied at spontaneous blood pressure.
Symbols are: .—., normal; S.—., Goldblatt; A—A, Goldblatt + aortic
clamp; A---A, systemic BP above clamp.
analysis of variance techniques for applications of the "split
strip" model design [31]. Significant differences were accepted
as P 0.05.
Results
Data for mean arterial blood pressures (MAP) for each of the
three animal groups are shown in Figure 1. The normal group
had an initial MAP of 114 3 mm Hg ( SEM) while the
Goldblatt hypertensive groups had initial MAPs of 167 6 mm
Hg (Goldblatt hypertensive group) and 168 6 mm Hg
(Goldblatt aorta-clamped group). At the conclusion of the first
control clearance period (C1) femoral arterial pressure (re-
flecting perfusion pressure to the left, nonclipped kidney) was
reduced to an average level of 123(±3) mm Hg in the Goldblatt
aorta-clamped group for the remainder of the experiment.
Systemic pressure proximal to the aortic constriction remained
elevated and did not differ significantly from the nonclamped
Goldblatt group during periods C2 to C6. During the saline
infusion MAP increased in the normal group from 114 3 to 120
3 mm Hg, in the Goldblatt hypertensive group from 167 8
to 178 6 mm Hg and in the seven Goldblatt aorta-clamped
animals in which it was measured from 160 4 to 177 3 mm
Hg (all Ps  0.05). While the absolute increase of MAP
following volume loading tended to be greater for the Goldblatt
aorta-clamped group, it did not differ significantly from the
increase of MAP for the normal group or the increase of MAP
observed for the Goldblatt hypertensive group.
Values for hematocrit were not different for the initial condi-
tions of these studies for the three animal groups: normals, 50.8
C3
Clearance period
Fig. 2. Changes of hematocrit and colloid osmotic pressure in normal
and Goldblatt rats in response to volume loading. The upper panel
shows changes of hematocrit (expressed as vol%) from control condi-
tions (C1) to those immediately following volume loading (C3) and to
near the end of the experiment (C5) for each group of animals. The lower
panel shows changes of estimated colloid osmotic pressure (COP, mm
Hg) based on measured changes of plasma protein concentration for the
same experiments. The number of animals for each group is as denoted
in Figure 1. Symbols: *, P  0.05 from period C1 observation for each
group; —•, normal; s—s, Goldblatt; A—A, Goldblatt + aortic clamp.
0.8; Goldblatts, 52.8 1.8; and Goldblatt aorta-clamped,
51.7 1.2 vol.% (Fig. 2). The decreases of hematocrit were
comparable for all of the groups following volume expansion.
Although the Goldblatt animals exhibited a tendency for a small
increase of hematocrit near termination of the experiment (C5),
the changes of hematocrit values for all groups of animals (C3 to
C5) were not different (all P > 0.05).
The initial values for colloid osmotic pressure (COP), ranging
from 18.2 to 18.5 mm Hg (Fig. 2), were also not different for any
of the groups at the beginning of these experiments. The COP
decreased roughly in parallel in all three groups following
administration of the volume load. Although the Goldblatt
group tended to maintain a greater COP immediately following
volume loading (C3), which also tended to increase to a higher
level than either of the other groups by the end of the experi-
ment (C5), 16.9 1.1 mm Hg (Goldblatt) versus 15.2 0.29 and
15.5 0.7 mm Hg (control and Goldblatt aorta-clamped groups,
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Fig. 3. Responses of glomerular filtration rate
(GFR) to volume loading and reduction of
blood pressure (BP) of normal and Goldblatt
rats. The left panel shows GFR (1 min g
kidney weight') for each period (C1 to C6)
for left kidneys of normal rats (N = 10) and
the left, nonclipped kidneys two groups (N =
11 each) of Goldblatt animals in response to
3.5% body weight saline given intravenously
during period C3. The right panel shows the
responses for the right kidneys of the same
normal and Goldblatt (clipped side) groups of
rats. Blood pressure to the nonclipped, left
kidneys of the Goldblatt clamped group was
reduced to normal BP levels by aortic
constriction between periods C1 and C2.
Symbols are: , P < 0.05 vs. Goldblatt
aorta-clamped group; s—., normal; s—.,
Goldblatt; A—A, Goldblatt + aortic clamp.
Table 1. Absolute sodium excretion (UNaV) by each kidney for each period of study for the hypertensive Goldblatt group (GHR), Goldblatt
animals with perfusion pressure to the nonclipped kidney reduced to normal levels—Goldblatt aorta-clamped group (Clamp), and the
normal-control group (Normal)
Clearance
periods
UNaV, nEqimin
Left kidney (nonclipped)
UNaV, nEqimin
Right kidney (clipped)
Normal GHR Clamp Normal6 GHR Clamp
C1 28.4 8.5 99.3 40.5 119.0 34.1 (Clamped BP) 47.3 15.6 43.7 17.0 20.3 6.1
C2 29.6 6.6 89.0 38.3 51.7 11.5 52.4 23.5
Volume load 3.5% BWT Saline i,v.
33.0 11.4 17.9 6.1
C3 444 170 2887 727 172.3 86.6 558.8 239 216.6 90 83.9 22
C4 712 234 2600 795 271.6 161.2 1174 428 323.3 106 200.3 75.4
C5 726 302 1509 519 234 141 1158 482 259.3 120 93.9 32.9
C6 413 170 1065 452 286 179 774 321 195 98.7 73.4 29.6
a Multivariant analysis indicated that the pattern of natriuresis following volume loading for left nonclipped kidneys was different for the GHR
group compared to either the normal group or the Goldblatt aorta-clamped group (P < 0.01), which were not different from each other (P > 0,05).
b The pattern of sodium excretion following volume loading for right-clipped kidneys of the normal group was different from that observed for
right kidneys of the Goldblatt aorta-clamped group (P <0.05); the pattern of sodium excretion for right kidneys of the Goldblatt group was not
different from those of either the normal group or the Goldblatt aorta-clamped group (P> 0.20).
respectively), these changes did not achieve statistical signifi-
cance (in all groups, P> 0.05).
Glomerular filtration rate expressed per gram of kidney
weight (GFR g referred to as GFR below; Fig. 3) was not
significantly different between the nonclipped kidney of the
Goldblatt hypertensive group and the left kidney of the control
group during the first control period. There was no significant
difference in GFR between the two Goldblatt groups during the
first control period. However, following the reduction of perfu-
sion pressure to the nonclipped kidney by aortic constriction,
GFR decreased significantly for the Goldblatt aorta-clamped
group from 996 147 to 476 116 l.d min' g. This value
was significantly less than GFR for the Goldblatt hypertensive
group during the second period (P < 0.01) which was un-
changed from its first period value, 902 142 to 881 98 pi
min' g. It was also significantly less than the value
observed for the normal animals during period C2. During the
period of acute saline loading (C3) kidney GFR for left kidneys
(normal group and nonclipped kidneys for both Goldblatt
groups) increased in all three groups. Filtration rate (GFR g
for the Goldblatt aorta-clamped group reached a level of 1649
311 p.l min' g' which was less than that achieved by the
Goldblatt hypertensive group, 2559 384 tl min' g', but
not different from the normal group, 2595 404 pJ min g1
(P > 0.05; see Fig. 3). The GFR for the Goldblatt hypertensive
group for period C3 was greater than that observed for the
Goldblatt aorta-clamped group for that period (P < 0.01). The
pattern of changes for kidney GFR for the right kidneys of
control animals and for the two Goldblatt groups (stenotic side)
can be seen in Figure 3. Despite the stenotic clip on the renal
artery in the two Goldblatt groups, GFR increased to compa-
rable levels in all three groups during C3, and to levels not
different from those observed for nonclipped kidneys of any of
the groups.
The effects of administering 3.5% body weight of 154 mM/liter
NaCl on absolute sodium excretion (UNaV) for each kidney for
the three groups of rats are summarized in Table 1 and Figure 4.
Absolute sodium excretion for the left kidney of the normal
group increased from a control level of 29.6 6.6 nEq min
to 444 170 nEq min during period C3, reaching a maximum
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Fig. 4. Changes of absolute sodium excretion
in response to volume loading and reduction
of blood pressure in normal and Goldblatt
rats. The left panel shows changes of absolute
sodium excretion (UNaV, nEq min') for left
kidneys in response to 3.5% body weight
saline loading intravenously during period C3
for normal (N = 10) and Goldblatt groups (N
= 11 each). The right panel shows the
responses for both kidneys (summed, left +
right) for the same animals for the same
experiments. Renal perfusion pressure to the
nonclipped, left kidneys of the Goldblatt
aorta-clamped group was reduced to
normotensive levels between periods C1 and
C2, whereas the left kidneys of the Goldblatt
group were exposed to spontaneous, systemic
BP throughout the experiment. Symbols are:
, P < 0.05; ', P < 0.025 vs. Goldblatt
aorta-clamp group; t, P < 0.05 vs. Goldblatt
group, 0, normal; , Goldblatt; U, Goldblatt +
aortic clamp.
value of 726 302 nEq min during period C5. From a similar
basal level of sodium excretion (89.0 38.3 nEq min'), the
natriuretic response of the left kidneys of the Goldblatt hyper-
tensive group differed in magnitude and pattern from that
exhibited by the control group, UNaV reaching a peak value of
2887 727 nEq min during C3, the magnitude of which was
significantly greater than that exhibited by the left kidneys of
normal group in any period (all Ps  0.05). The rate of sodium
excretion for left kidneys of the hypertensive Goldblatts then
declined such that during period C6 there were lesser, in-
significant differences between the control group and the hyper-
tensive Goldblatt group. The reduction of renal arterial pressure
by aortic clamping in the Goldblatt aorta-clamped group was
accompanied by a significant fall in UNaV for those nonclipped,
left kidneys from 119 34.1 nEq min to 51.7 11.5 nEq
min' (P 0.05). During the period of volume loading, C3,
UNaV for left kidneys of the Goldblatt aorta-clamped group
increased to 172 86.6 nEq min and peaked at 286 179
nEq . min during period C6. The rate of Na excretion by
period was significantly attenuated for the Goldblatt aorta-
clamped group compared to that observed for the hypertensive
Goldblatt group or that observed for the control animals for the
same periods (analysis of variance, P < 0.01, periods C3 to C6).
The right, stenotic kidneys of both Goldblatt animal groups
exhibited baseline sodium excretions that were at significantly
lower rates than those of the left, nonstenotic kidneys during
period C1 (P < 0.05). The clipped kidney of the aorta-clamped
group exhibited a pattern of natriuresis which was significantly
different from that of the comparable right kidney of the control
group during periods C3 through period C6 (analysis of variance,
P < 0.01; Table 1). Total UNaV for left and right kidneys
combined was significantly greater for the hypertensive
Goldblatt group (3503 875 nEq min', C3) compared to the
control group (1093.8 449, C3; P < 0.025) during C3 and for
the Goldblatt hypertensive group compared to the Goldblatt
aorta-clamped group (256 84 nEq/min, C3 clamped group)
during C3 (P < 0.01) and C4 ( P < 0.05). The overall pattern
(rate of Na excretion over periods C3 through C6) of natriure-
sis for left and right kidneys combined was different for the
Goldblatt group compared to the aorta-clamped group (analysis
of variance, P < 0.03), although the patterns of combined left
and right kidney sodium excretion were not different for the
Goldblatt aorta-clamped and normal groups (analysis of vari-
ance P > 0.05).
Expressed as a percentage of the load administered, the
cumulative percentage of Na excretion for left kidneys for the
different groups demonstrates that the hypertensive Goldblatt
nonclipped kidneys excreted a significantly greater percentage
of the Na load administered throughout the experiment com-
pared to the left kidneys of the control group (Fig. 5). Aortic
constriction in the Goldblatt aorta-clamped group resulted in
attenuation of the natriuretic response such that the percent-
ages of the sodium load excreted by the nonclipped kidneys of
the aorta-clamped group for all periods were insignificantly
different from those of the normal left kidney of the control
group (Fig. 5). The total cumulative percentage of sodium
excretion for both kidneys of the hypertensive Goldblatts
differed significantly from that observed for the normal group
during and immediately following the saline infusion (period C3;
6.3 0.9% vs. 2.2 0.9%, P 0.05; Fig. 5), but not thereafter.
At the conclusion of the experiment (periods C3 to C6), the
hypertensive Goldblatts had excreted 20.1 5.6% of the load
while the aorta-clamped Goldblatt group had excreted only 4.2
1.5% of the load infused (P < 0.01).
During period C3 fractional sodium excretion (FENa) was
significantly greater for nonclipped kidneys of the Goldblatt
hypertensive group (0.74 0.23%) compared to the FENaf of
left kidneys for the normal group (0.15 0.03%) or that of the
Goldblatt aorta-clamped group (0.07 0.03%, P  0.05).
Following saline loading FENa of the nonclipped kidney of the
aorta-clamped group was significantly less than that of the
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Fig. 5. Cumulative percent of the administered Na load excreted by
the left kidney and both kidneys of normal and Goldblatt rats. Shown
on the left panel is the cumulative percentage of the load of Na
administered excreted by the left kidneys of the normal group (N = 10),
the hypertensive Goldblatt group (N = 11) and the Goldblatt aorta-
clamped group (N = 11). The right panel shows the cumulative
percentage of the Na load administered which was excreted by both
kidneys for the same animals, Data were computed as the summed
percentage of load excreted for the left or both kidneys for each period
plus the percentage excreted for all earlier periods subsequent to the
volume loading. Symbols are: ,P 0.05; , P 0.025 vs. normal
group; t, P s 0.05 vs. Goldblatt hypertensive group; s—., normal;
.—., Goldblatt; A—A, Goldblatt + aortic clamp.
Goldblatt hypertensive group during periods C5 and C6 (P <
0.05, Fig. 6).
Discussion
A currently popular view is that the kidney is involved in the
maintenance of hypertension by retaining Na , thereby coun-
teracting the tendency for pressure natriuresis to diminish the
extracellular fluid volume, and hence reduce venous return,
decrease cardiac output and, ultimately, reduce systemic arte-
rial pressure toward normal levels [321. Superficially, the oc-
currence of an exaggerated natriuresis in hypertension appears
in conflict with this theory. However, it should be remembered
that although models of hy3ertension that exhibit an exagger-
ated natriuresis excrete more sodium and volume than
normotensive controls in the period immediately following the
same volume challenge, they excrete only a larger fraction of
the load, but a fraction which does not approach the total load
administered.
The results of these studies show that the 2-K, 1 C Goldblatt
hypertensive rat exhibits an exaggerated natriuresis in response
to acute volume and sodium loading. The pattern of the
natriuretic response (the changes in the rate of Na excretion in
the initial periods following volume challenge) in the 2-K,lC
Goldblatt hypertensive rat is similar to that reported for es-
sential hypertensives [1, 2, 91 and in the SHR [13, 14]. In this
model of hypertension, the phenomenon is mediated by the
nonclipped kidney; the kidney with the stenotic clip exhibits an
attenuated natriuretic response when compared to its nonclip-
ped counterpart. It should also be noted that in addition to the
greater magnitude of the natriuretic response by the nonclipped
Fig. 6. Fraction of the filtered load of sodium (FEN+)excreted by the
left kidney of normal and Goldblatt rat groups in response to volume
loading. Data shown represent the fraction of the filtered load of Na
excreted (expressed as %) for the left kidneys of each group for each
period of the study. The numbers of animals of each group are the same
as those in Figure 5. Symbols are: ', P  0.05; 'u', P < 0.025 vs. normal
group; 1, P 0.05 vs. Goldblatt hypertensive group; —, normal;
.—, Goldblatt; A—A, Goldblatt + aortic clamp.
kidney, the temporal patterns of the responses are also different
between the Goldblatt hypertensive group and the normal
kidneys or the nonclipped kidney of the Goldblatt aorta-
clamped group. These data also basically agree with the obser-
vations of Brunner et al [20] and Peters, Brunner, and Gross
[21], although these earlier studies were not designed to explore
the exaggerated natriuresis phenomenon and do not report
time-related changes of sodium excretion rates following
volume challenge. The nonclipped kidneys of the hypertensive
Goldblatt group have an early natriuretic response immediately
following the administration of the volume load whereas the
nonclipped kidneys of the Goldblatt aorta-clamped group and
the normal kidneys exhibit a more delayed natriuresis that is
still increasing in magnitude in the later periods of these
experiments. Acute reduction of the perfusion pressure to the
nonclipped kidney of the aorta-clamped group changes the
pattern of its natriuretic response, reducing the magnitude of
increased absolute and fractional Na excretion and delaying
attainment of maximum UNaV, so that it more closely re-
sembles the natriuretic pattern observed for the normal control
animals. These patterns are of interest in the context of a study
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which suggests that there may be two components in the
natriuretic response of normal animals following saline loading,
only the first element of which is associated with pressure-
related changes in filtered load [33].
As reported by some investigators [10—12] the pressure-
exaggerated natriuresis was found to be unrelated to the mag-
nitude of increase of MAP following the administration of the
volume load. The necessity to have an elevated perfusion
pressure in the background to see the full extent of the
phenomenon as shown in this study lends support to the
hypothesis that the baseline elevated perfusion pressure is a
common factor in the mechanism of exaggerated natriuresis in
several models [10, 13, 15]. Acute lowering of MAP with
hydralazine and guanethidine [15] and acute mechanical reduc-
tion in renal perfusion pressure [13] both abolished the exag-
gerated natriuresis in the SHR. Chronic treatment with
hydralazine and guanethidine, however, did not attenuate the
exaggerated natriuresis [15]. These latter observations have
been taken as evidence against the response being dependent on
an elevated perfusion pressure [15]. Caution should be exer-
cised in the interpretation of such results so directly, however,
since both guanethidine and hydralazine may have effects on
intrarenal hemodynamics when administered chronically that
affect UNaV independently of MAP.
The behavior of GFR for nonclipped kidneys of the Goldblatt
aorta-clamped group during aortic constriction agrees with our
earlier studies which showed that efficiency of autoregulation of
GFR is attenuated in the nonclipped kidney of the 2-K,1C
Goldblatt hypertensive rat during conditions of acute reduction
of blood pressure by aortic constriction [27, 28]. A decrease of
filtered load of Na due to impaired autoregulation in the
nonclipped kidney appears to mediate at least part of the
attenuation of the exaggerated natriuresis in the Goldblatt
aorta-clamped group. It should be noted, however, that we
could establish significant differences for the changes of GFR
between the aorta-clamped group and only the Goldblatt hyper-
tensive group for periods C2, C3, and C5. Large variations in
GFR in period C3, probably attributable to the washout of
polyfructosan from tubules, may have compromised our ability
to detect differences of GFR between the control group and the
Goldblatt aortic-clamp group. These results are comparable to
aortic constriction studies in the SHR reported by Dibona and
Rios [13] where reduction of renal perfusion pressure to 106
2 mm Hg resulted in a marked reduction in GFR which was
interpreted as responsible for the attenuated natriuretic re-
sponse. In contrast, Arendshorst and Beierwaltes [14, 34]
reported no evidence of an exaggerated natriuresis in the SHR
although they did observe decreases of UNaV during conditions
of acute reduction of renal perfusion pressure to 114 mm Hg by
aortic constriction which was independent of changes in GFR
[14, 34]. Failure to observe an exaggerated natriuresis consis-
tently in spontaneously hypertensive rats is often attributed to
differences between colonies of SHR which may be heterogene-
ous populations in terms of the variations observed for renal
sodium handling [10, 13, 14, 22—241. However, the experimental
protocols utilized by various investigators have also varied
considerably: Arendshorst and Beierwaltes utilized a euvolemic
preparation [14] and superimposed 3% body weight intravenous
isotonic saline volume loading, whereas DiBona and Rios [131
used 10% body weight i.v. isotonic saline loading in hydropenic
animals over a 60 mm interval [13]. In yet a different approach,
Willis, McCallum, and Higgins [10] and Willis and Bauer [12]
administered a 2% body weight isotonic saline load given by
gavage. Lack of uniformity in these various experimental
protocols suggests caution in the synthesis and interpretation of
the resulting data, especially since the background level of Na
balance and interstitial fluid volume may affect the natriuretic
response following acute saline loading [25].
The 2-K,IC Goldblatt hypertensive rat is generally accepted
to have high circulating levels of angiotensin II which, in
addition to having systemic vasoconstrictor activity, may affect
antinatriuresis by influencing intrarenal hemodynamics or by
stimulating tubular Na reabsorption directly [35, 37]. Since
part of the exaggerated natriuresis following the administration
of a saline load appears to be the result of decreased tubular
absorption, a greater suppression of activity of the renin-
angiotensin system in the 2-K,IC Goldblatt hypertensive rat
than in the normotensive controls could in part mediate the
exaggerated natriuresis. However, there is no evidence that this
mechanism is involved in essential hypertension [7]. Other data
suggest a greater suppression of aldosterone levels in essential
hypertensive subjects or in the SHR compared to controls
which could contribute to the phenomenon [3, 12]. It would
seem unlikely that acute reduction of perfusion pressure to
normal levels would affect the attenuated natriuresis that we
observed for the nonclipped kidneys of the Goldblatt clamped
group through the renin-angiotensin system. These nonclipped
kidneys have greatly reduced renin contents and would there-
fore seem unlikely candidates to elaborate renin so acutely as to
mediate the altered natriuretic patterns we observed in these
experiments [27]. Therefore, it is possible that the stimulus of
saline loading could suppress different antinatriuretic mecha-
nisms in the various models of hypertension to result in
exaggerated natriuresis of similar magnitudes.
In conclusion, this study shows that the 2-K,1C Goldblatt
hypertensive rat exhibits an exaggerated natriuresis from the
nonclipped kidney in response to acute intravenous saline
loading. This exaggerated natriuresis depends on the presence
of an elevated renal arterial perfusion pressure to the nonclip-
ped kidney. The attenuation of the exaggerated natriuresis by
the nonclipped kidney during conditions of normal perfusion
pressure is partly affected by its reduced efficiency of autoregu-
lation of GFR and a resulting reduced filtered load of Nat
However, fractional excretion of Na was also increased in
nonclipped kidneys at hypertensive blood pressures, suggesting
reduced tubular absorption also contributes to the phenom-
enon. Whatever the mechanism for this exaggerated natriuresis,
it appears to depend on an elevated perfusion pressure to the
nonclipped kidney in this model of renal vascular hypertension.
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